The regulation of the histidine-degrading pathway is known to involve induction and repression. Our (9) and in other genera (7, 11, 12, 16 rT he purpose of our investigation was to find metabolite effectors for the control of histidine degradation. The enzymatic studies were carried out with cell extracts of P. putida. Enzyme activity was measured spectrophotometrically. Previously, we found "cross inhibition" of histidase from the tyrosine and phenylalanine pathways (unpublished data; 8) 
The regulation of the histidine-degrading pathway is known to involve induction and repression. Our Modulation of enzyme activity by metabolites has been described for numerous anabolic pathways (end product inhibition) and for control of energy needs with adenylates as effectors (2, 3) . Feedback inhibition of a catabolic enzyme, glycerol kinase, has been reported (19) . Induction and catabolite repression have frequently been demonstrated for control of catabolic pathways. Histidine degradation (17) has been shown to be regulated by induction and catabolite repression in Pseudomonas (9) and in other genera (7, 11, 12, 16 ). Induction and repression, however, may not be adequate to provide instantaneous regulation or regulation in response to small changes in concentration. The cell would thus benefit from the ability to control, with effectors, the catabolism of a metabolite whether it is exogenous or endogenous. These concepts were discussed in relation to anabolic pathways by Davis (4) .
To investigate this problem, we have studied possible inhibitors of histidase in Pseudomonas.
We were not able to demonstrate direct "feedback" inhibition of histidase by metabolites formed as a result of the operation of the pathway. Lessie and Neidhardt (9) Preparation of cell extracts for enzyme assays. Cells were disrupted in a Hughes press and were diluted to 10 volumes in 0.01 M potassium phosphate buffer (pH 7.0). To reduce viscosity, the extract was treated with deoxyribonuclease (approximately 2 to 10 ,ug/ml) for 15 min at 25 C. The material was centrifuged for 20 min at 12,000 X g at 4 C. The supernatant fluid was decanted and will hereafter be referred to as crude extract. The crude extract contained all of the enzymes of the histidine pathway needed to form glutamate from histidine. Urocanase and other enzymes were inactivated by heating the crude extract under nitrogen for 15 Growth experiments. Growth studies were carried out in test tubes (18 X 150 mm) containing 10 ml of medium on a rotary shaker at 25 to 27 C. Turbidity was measured at 660 m,u with a Coleman Universal spectrophotometer and was expressed as optical density (OD). The medium consisted of 1.5 g of K2HPO4, 0.5 g of KH2PO4, 1.7 mg of Fe(NH4)2-(SO4)2.6H20, 0.2 g of MgSO4, neutralized succinic acid as indicated, and 1.4 g of urocanic acid per liter. The MgSO4 solution was autoclaved separately from the medium and was added with sterile pipettes. Each tube was inoculated with a drop of a 24-hr culture grown in the same medium.
Paper chromatography. Chromatograms were developed in n-propanol-1 N acetic acid (3:1) (6) found that pyruvate (0.5 mM) inhibited rat liver histidase by 32% at pH 8.0. We did not find inhibition of the bacterial histidase by 1.67 mm pyruvate. Many compounds have been investigated for inhibition of histidase (6, 8, 9, 15) .
Other aspects of the inhibition of histidase. The addition of reduced glutathione (1.67 mM), which is usually included in the histidase assay (18) , had no effect on the inhibition by urocanate. When the experiment illustrated in Fig. 4 was repeated with the addition of reduced glutathione, the curves were superimposable. This result markedly contrasts with our previous finding that inhibition of histidase by tyrosine and phydroxyphenylpyruvate is very significantly decreased by 1 these experiments were semiquantitative, they confirmed previous results. Crude extract converts histidine to glutamate rapidly. When succinate was added and the metabolism of histidine was measured, histidine disappearance was retarded. In Fig. SA , an experiment in which both histidine and urocanate were determined is shown. These data (Fig. 5A ) represent two flasks, one containing histidine, the other histidine and succinate. The decreased rate of histidine utilization and the increased urocanate level with added succinate were reproduced four times. When four levels of succinate were used, the inhibition of histidine degradation was greater for each higher level (results not shown). In addition, the urocanate concentration increased with increases in the inhibitor; i.e., the more succinate that was added, the more urocanate that accumulated.
The inhibitory effect of succinate on the metabolism of urocanate is shown in Fig. 5B When L-histidine was used as a nitrogen source in a similar experiment, succinate had virtually no effect on growth rates (results not given). These growth experiments do not provide conclusive evidence of a physiological role for succinate as a feedback inhibitor. DISCUSSION This investigation revealed a mechanism whereby succinate can inhibit histidase indirectly by inhibiting urocanase. We propose that succinate contributes to the regulation of histidine catabolism by feedback inhibition, and thus couples the histidine pathway to the energy requirements of the cell (Fig. 6 ). The concentration of succinate, a member of the tricarboxylic acid cycle, may fluctuate with the energy demands of the cell and with the supply of intermediates that enter the cycle. For example, in the presence of exogenous histidine and glucose, it is advantageous to the cell to spare histidine for protein synthesis (and for amino acid synthesis via transaminases) and to utilize glucose for energy requirements. Induction and catabolite repression (17) . The induction and repression of histidase and urocanase has been described for P. aeruginosa (9 It is interesting to speculate on the purpose of a negative feedback control by succinate of the second enzyme of the pathway (Fig. 6) . Presumably, this system would tend to keep the urocanate pool larger than it would be if feedback control operated directly on histidase. There is evidence that urocanate is the inducer of the histidine-degrading pathway in Aerobacter (12) and Pseudomonas (9) . Furthermore, the studies with Aerobacter and Pseudomonas indicated that a low level of histidase is always present to form the inducer, urocanate, from histidine.
This low histidase concentration probably results from induction by the urocanate pool. This control system permits inducer formation and operation of the pathway when either externally supplied histidine or sudden energy demands (signalled by low endogenous succinate) requires operation or formation of the histidinedegrading machinery. Therefore, the succinate inhibition that we observed in this study probably helps to maintain the inducer concentration and thus a low level of the enzymes of the pathway. In other words, succinate acts as a negative effector for the pathway, while allowing for formation of the inducer of the pathway. Lessie and Neidhardt found that succinate was the best "repressor" of seven compounds tested (9) . We believe these multiple roles would tend to delicately balance and integrate the total regulation of the pathway: (i) urocanate is an inducer and a negative effector; (ii) succinate is a "repressor" and a negative effector, and acts to maintain the inducer concentration.
Finally, one may speculate that this regulatory system is linked to the biosynthetic pathway of histidine by repression and inhibition. In Escherichia coli (13) and in Salmonella typhimurium (1), histidine is a negative feedback inhibitor of the first enzyme of histidine biosynthesis, phosphoribosyl-adenosine triphosphate pyrophosphorylase. The biological control mechanism which we have outlined in this paper harmonizes many aspects of histidine metabolism of the cell. It allows cells to economize on protein synthesis, to respond to energy demands, to regulate endogenous synthesis of histidine, to conserve endogenous histidine, and to utilize exogenous histidine.
